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Abstract. Quantum Chromodynamics is the most successful theory in particle physics. The understanding of
all different signals at hadron colliders have been achieved due to the correct interpretation of the theory. In
this paper we review some basic features of the theory of strong interactions and how it could be used in order
to provide phenomenological distributions for the Large Hadron Collider. The main results presented in here
can be found in Ref [1].
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INTRODUCTION
The Large Hadron Collider (LHC) is the biggest machine ever built by humanity. Its main
purpose, the discovery of the last remaining particle of the Standard Model (SM) was achieved
in 2012. Theorists and experimentalists from all around the globe made an enormous effort
in order to succeed on this task. Experiments are achieving a very high precision in all
measurements, and they are now also pushing theorists to provide phenomenological SM
predictions at the same level of accuracy. Besides that, the new era of the LHC is coming, and
the disentanglement of the properties of the Higgs particle or the discovery of new physics,
require theoretical Monte Carlo simulations, of signal and background, at the highest possible
precision.
The SM of particle physics is based on a gauge theory of SU(3)c× SU(2)L×U(1)Y and
it has been by far the most precise theory of nature. In particular, the sector of the theory
which governs the physics of the LHC is the one related with the SU(3)c. The LHC collides
protons at center of mass energies of the order of TeVs. Protons are made of quarks and
gluons, elementary particles of the SM. The description of these partons is well understood in
the framework of Quantum Chromodynamics (QCD). Unfortunately, QCD cannot be solved
completely, and usually in order to make theoretical predictions for hadron colliders, one takes
the perturbative version of QCD (pQCD). In the perturbative regime, the coupling associated
to SU(3)c is considered small and the series expansion is allowed. However, at the LHC, this
assumption is only valid just in the moment when the collision occurs and when particles are
flowing into detectors this statement could not be longer true. In order to compute observables,
it is important to know how to include the perturbative part and the non perturbative one in the
calculation. In fact, one way to describe the production of a hadron H at the LHC is a mixing
between this two sectors,
EH
d3σ
d p3H
= ∑
a,b,c
fa⊗ fb⊗dσˆ cab⊗DHc (1)
where the sum runs over all partonic channels, a+b→ c+X , with dσˆ cab the associated partonic
cross section; fa, fb are the Parton Distribution Functions (PDF) and DHc are the Fragmentation
Functions (FF). The partonic cross section can be expanded as a power series in the strong
coupling αS, and the PDF and the FF are the non-perturbative objects that are extracted directly
from the experimental data.
In order to obtain a phenomenological prediction for the LHC, one needs to convolute the
perturbative and non-perturbative part consistently and evolve all parameters to the scale when
the process occurs. In this short review, we sketch how it is possible to use pQCD for describing
small deviations of SM signals, such as the diphoton channel for the Higgs decay.
THEORY
The main channel for the Higgs production at hadron colliders is the gluon-gluon fusion, which
is mediated principally by a heavy-quark (top-quark) loop [2]. A lot of work have been done
around this channel due to the great relevance for the LHC including up to next-to-next-to-
next-to-leading (N3LO) QCD corrections [3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13]. State of the art
computations for this channel [14] include electroweak corrections at NLO [15, 16] and soft
gluon resummation to next-to-next-to leading logarithmic accuracy [17]. In this note, we will
focus on the diphoton decay channel of the Higgs. This channel is very interesting because its
branching fraction is extremely small but it has a clean experimental signal then, it was one of
the most significant channels for the Higgs analysis.
A phenomenological calculation for the LHC is not completed without the knowledge of the
background, thus the corresponding background for diphoton production was also computed
up to NNLO accuracy[18]. Small deviations could appear when the analysis is achieved to
higher precision and also when the interference between signal and background is considered.
In the following we focus on calculating the interference between signal and background for
the diphoton channel in proton proton collisions.
The interference of the resonant process i j → X + H → γγ with the continuum QCD
background i j → X + γγ induced by quark loops can be expressed at the level of the partonic
cross section as:
δσˆi j→X+H→γγ = −2(sˆ−m2H)
Re
(
Ai j→X+HAH→γγA ∗cont
)
(sˆ−m2H)
2 +m2HΓ2H
−2mHΓH
Im
(
Ai j→X+HAH→γγA ∗cont
)
(sˆ−m2H)
2 +m2HΓ2H
, (2)
where sˆ is the partonic invariant mass, mH and ΓH are the Higgs mass and decay width
respectively.
It has been noticed in [19, 20], that the real part of the amplitudes is odd in sˆ around mH ,
therefore its effect on the total γγ rate is subdominant. On the other hand, for the gluon-gluon
partonic subprocess [20] it was found that the imaginary part of the corresponding one-loop
amplitude has a quark mass suppression for the relevant helicity combinations.
LHC collides protons which contain gluons and quarks then, the full diphoton channel has to
be considered theoretically as a sum of all possible initial states: gluon-gluon (gg), quark-gluon
(qg) and quark-antiquark (qq¯). Even if the contribution will be subdominant for the qg and qq¯
due to PDF, these channels could bring sensible discrepancies in the full analysis, therefore it
is worth studying completely the diphoton production at the order O(α2S ).
RESULTS
The starting point consists on computing all amplitudes using the Mathematica package
FeynArts [21] for all interferences, gg, qg and qq¯. Then, combining with the package FeynCalc
[22], it is possible to obtain the final squared matrix elements. For simplicity, the production
amplitudes are computed within the effective Lagrangian approach for the ggH coupling (re-
lying in the infinite top mass limit), approximation known to work at the few percent level for
the process of interest. A sample of the Feynman diagrams for the qg interference channel are
shown in Figure 1.
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FIGURE 1. Sample of Feynman diagrams contributing to the interference
One might notice that in the qg channel there is an extra parton in the final state. In
order to find the contribution to the cross section of the diphoton channel, this parton has
to be integrated out. Infrared singularities appear on the amplitudes individually, however the
interference remains finite after the phase space integration and its contribution is truly at tree-
level.
Having the matrix squared amplitudes, we performed a convolution of the partonic cross-
section with the PDF. We used the MSTW2008 LO set [23] (in the five massless flavours
scheme), and the one-loop expression of the strong coupling constant, setting the factorization
and renormalization scales to the diphoton invariant mass µF = µR = Mγγ . The decay into
two photons is treated exactly and we set α = 1/137. For the Higgs boson we use mH =
125GeV and ΓH = 4.2MeV. For all the histograms we implemented an asymmetric cut on the
transverse momentum of the photons: phard(so f t)T,γ ≥ 40(30) GeV. Their pseudorapidity was also
constrained to be in the region of |ηγ | ≤ 2.5. We also applied the standard isolation prescription
for the photons, requesting that the transverse hadronic energy deposited within a cone of size
R =
√
∆φ 2 +∆η2 < 0.4 around the photon should satisfy pT,had ≤ 3 GeV. In addition, we
reject all the events with Rγγ < 0.4.
In order to simulate the response of the detector, we convoluted the partonic cross-section
with a Gaussian function of mass resolution width σMR = 1.7GeV following the procedure
showed in Ref. [24]. The corresponding results are presented in Figure 2. We can observe that
the magnitude of the interference is reduced, but the position of the peak (and dip) is moved as
much as 2 GeV. From Figure 2 one can conclude that the displacement of the invariant mass
peak will be driven by: the width of the gaussian, the magnitude and sign of the interference.
FIGURE 2. Diphoton invariant mass distribution for the interference terms including the smearing effects which
simulate the detector (Gaussian function of width 1.7GeV). The solid line represents the gg channel contribution,
the dashed line represents the qg channel, and the dotted one, the qq¯.
We present in Figure 3 the corresponding results after adding the Higgs signal. The solid
curve corresponds to the signal cross-section, without the interference terms, but including the
detector smearing effects. As expected, the (signal) Higgs peak remains at Mγγ = 125GeV.
When adding the gg interference term, we observe a shift on the position of the peak in about
150MeV towards a lower mass (dotted), as found in Ref. [24]. If we also add the qg and
qq¯ contributions (dashed), the peak is shifted slightly (of the order of just a few MeV) back
towards a higher mass region because of the opposite sign of the amplitudes.
To have a rough estimation of the theoretical uncertanties, we varied the factorization and
renormalization scales between 12 Mγγ and
1
2Mγγ . There are large variations, of about 80%, in
all the channels. Given the fact that very large K-factors are observed in both the signal and
the background, one might expect a considerable increase in the interference as well.
FIGURE 3. Diphoton invariant mass distribution including the smearing effects of the detector (Gaussian func-
tion of width 1.7GeV). The solid line corresponds to the signal-only contribution. The dotted line corresponds to
the distribution after adding the gg interference term, and the dashed line represents the complete Higgs signal plus
all three interference contributions (gg, qg and qq¯).
CONCLUSIONS
In this note, we have presented an example of how pQCD could help to analyse the small
corrections to theoretical predictions of experimental observables. We showed the shift in the
invariant mass distribution for the diphoton channel at the LHC, when the interference between
the signal and background is considered in a full QCD calculation at the order O(α2S ).
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